Materials and Methods

SHARAD
The SHARAD radar operates at a 20 MHz center frequency (15m wavelength) with a 10 MHz bandwidth, and has a free-space vertical resolution of 15 m, equivalent to a 5 -10 m vertical resolution in common silicic geologic materials (10) . At this wavelength SHARAD can probe up to a few hundred meters into the subsurface. With synthetic aperture focusing and depending on surface roughness, SHARAD has a spatial resolution of 300-500 m along-track and several kilometers across-track (10, 11) . Such spatial resolution and penetration are optimal for studying Marte Vallis, which extends over hundreds of kilometers and contains volcanic and sedimentary material estimated to be less than several hundred meters thick (5) . The young, uniform plains of Elysium Planitia are ideally suited for radar sounding, consisting of extensive near-horizontal surfaces that lack significant off-nadir clutter.
The SHARAD data for each orbital track is presented as a radargram (see Fig. 1 , S1). This depicts the variations in echo strength (received from the surface and subsurface) with time delay along the MRO ground track. The y-axis of a radargram (range direction) corresponds to the round-trip delay time of the returned signal. Each pixel represents 0.0375 µs, or ~11 m round-trip vertical distance travelled in vacuum. The x-axis of a radargram plots the along-track distance traveled. Contrasts in electrical permittivity reflect the transmitted signal, and these subsurface reflections can be used to investigate geologic boundaries and stratigraphy.
The SHARAD sounding tracks used in this study were processed using a flexible synthetic aperture radar processing system. This system allows for varying synthetic aperture length and multi-look averaging, allowing a user to fine-tune the processing to maximize the signal-to-noise ratio for particular subsurface reflectors. Ionospheric distortion and delay variations of the radar signals in daytime SHARAD observations are fully compensated using an autofocus technique described by (26). Off-nadir reflections from surface features such as hills or ridges, termed clutter, can in some regions of Mars create complications in mapping subsurface reflecting horizons. For the generally smooth (at the km scale) Elysium Planitia, the effects of such clutter are almost negligible (e.g., 21). Where ambiguities did arise we checked the SHARAD sounding results against simulations produced by ray tracing of MOLA gridded data, and rejected any spurious reflections.
3D Mapping
Each radargram was visually inspected and the horizontal extent of all identified subsurface reflectors was recorded (see Fig. S1 , Table S1 ). From this the latitude and longitude coordinates and the two way time delay between each reflector and the surface was automatically extracted (using IDL) and used to create a shapefile containing all of the reflectors. ArcMap GIS software was used to explore the spatial extent of the reflectors and compare their location with other Mars datasets, including published geologic maps (Fig. S2 ). This process identified three separate reflector groups: L1R, L2R and R3 (Fig. 2) .
Establishing the actual depth of a reflector below the surface can be estimated from the radargrams, but is dependent on knowledge of the integrated permittivity (εʹ′) of the material above that reflector:
Where Δt is the round-trip delay time between the surface and a reflector taken from the SHARAD radargram. Figure 2 displays the depth of the reflectors relative to a martian datum after assuming a subsurface value for εʹ′ and subtracting the converted depth from the MOLA gridded data. Based on geologic mapping of the study region (5, 14) , which identifies the surface as volcanic in origin, we assume εʹ′ of 8, consistent with dense, dry terrestrial lava flows. This process removes the effects of surface elevation, making it easier to discern patterns among the different reflectors. For example, we observe that the L1R and L2R reflectors both dip toward the northeast at a similar angle as the surface (Fig. 2) .
In order to investigate the spatial nature of the channels identified with the R3 reflector (Fig. 1a, S1 ), we interpolated across the depth estimates provided by the 21 radargrams in which occurrences of R3 were identified. This was done in ArcMap and provided a model of the subsurface horizon delimited by R3. IDL scientific data visualization software was employed to investigate the three dimensional structure of the R3 horizon and compare it spatially to other Mars datasets (Fig 3) . This approach revealed that channel features all begin abruptly along an alignment that matches the orientation of Cerberus Fossae to the west (Fig. 3, S3) as established in CTX image data.
From our GIS analysis we identified spatially coherent incisions in the L1R and L2R reflectors (See Fig. S3 ). To generate the tomographic model of Marte Vallis, the edges of each truncation in the two reflectors (Fig 1, S1 ) was recorded (both spatially and in time delay) along with the surface expression of the streamlined features (identified in the MOLA gridded data) and used as control points for interpolation. The buried channels mapped through this process align with the channel features identified with the R3 reflector (Fig. S3) .
Equation 1 states the depth of a reflector as constrained from a radargram is inversely proportional to εʹ′. As our choice of εʹ′ of 8 is at the high end of expected permittivities for Mars (22, 23) , choosing a lower value would result in greater depth estimates for the Marte Vallis channels. In the manuscript we have presented a range of depth estimates for the Marte Vallis channels constrained by L1R and L2R that reflect the expected permittivity range for Mars.
Supplementary Text Geologic History of Eastern Elysium
Summarizing our results, we can now better describe our interpretation of the sequence of geologic events that shaped eastern Elysium Planitia. Prior to flooding, the Marte Vallis region was covered in ACo volcanic terrain. Two subsurface reflectors at different depths characterize this terrain indicating broad, continuous, flat-lying units that follow the surface dip to the northeast (Fig. S4a) . The origin of the materials bounded by these reflectors is unknown, though mapping of the region suggests the upper unit is volcanic (5, 14) . Flooding from the eastern-most section of Cerberus Fossae occurred between ~10 Ma and 500 Ma, constrained by the dating of ACo and ACy units (5) , and eroded multiple anastomosing channels that coalesced to form Marte Vallis (Fig. S4b) . Continual down cutting occurred in the southern-most channel (Fig. S4c) . The final phase consisted of young volcanism and the flow of lava over ACo. The continued northeastern expansion of these flows would have flooded Marte Vallis and buried Cerberus Fossae, producing the surfaces present today (Fig. S1d) . Fig 1a) . Note that the channels begin abruptly along an orientation that matches Cerberus Fossae to the west. The location of L1R and L2R reflectors is also shown. White arrows indicate inferred flow direction along the truncations in the reflectors. Note that the channels identified in R3 align with the incisions in the L1R reflector. North is to the top of the figure. SHARAD tracks used in the study
